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Multiband superconductivity
• Intrinsically interesting extension 

of superconductivity 

• Allows for the interplay between 
the two gaps, novel dynamics 

• Increasing number of materials 
are found to be multiband 
superconductors

Our interest: is the specific material SrTiO3 (STO) and the 
interface between LaAlO3 (LAO) and STO a multiband 
superconductor?



Examples of Multiband SCs
• MgB2 (2001) 
 

• Fe based superconductors (2008) 
 

• various heavy fermion SCs 
(PrOs4Sb12 (2005), CePt3Si ,  
 
uranium compounds…)

Nagamatsu, J. et al., 2001

Seyfarth, PRL 2005 Mukuda, JPSJ 2009



• superfluid density  
 
 
 
 
 

• upper critical field

Detecting Multiband SC
• Tunnelling spectroscopy: 

multiple coherence peaks  
 
 
 
 

• Heat transport  

At temperatures below Tc, the tunnelling current provides direct
information on the superconducting state. Figure 2c shows typical
dI/dV(V) tunnelling characteristics measured below 100mV. The char-
acteristics reveal a clear superconducting gap, D, for which an analysis
using a Dynes fit20 with a single s-wave gap as fitting parameter yields
D(0 K) 5 (40 6 2)meV (Extended Data Fig. 2). The gap and the coher-
ence peaks are well developed and are consistent with a laterally homo-
geneous superconducting state. The gap closes at Tgap 5 0.28 K. A detailed
analysis of the temperature dependence of the spectra is given in Methods.
We note that our observation of the superconducting gap implies that
no conducting layer exists between the superconducting sheet and the
LaAlO3 layers. We did not observe signatures of a second supercon-
ducting gap as reported21 for superconducting Nb-doped SrTiO3.

Having stated these results, we now address the main question of
our study, namely how the superconducting gap relates to the super-
conducting transition temperature in a 2D superconductor tuned by
electrostatic field effect doping. To compare the size of the supercon-
ducting gap directly with the transition temperature, we fabricated

devices with four contacts to the 2DEL as well, enabling measurements
of the 2DEL resistance within the tunnel device (Methods). We found
that positive gate voltages (carrier accumulation) enhance the DOS at
EF and suppress the coherence peaks. Negative gate voltages (carrier
depletion) suppress the DOS at EF and broaden the coherence peaks
(Fig. 3a). Moreover, the coherence peak maxima shift systematically to
higher voltages with decreasing carrier density, indicating an increase
of the superconducting gap. The temperature, Tgap, at which the gap
closes increases with decreasing charge carrier density (Fig. 3b and
Extended Data Fig. 3), approximately following the low-temperature
value of the gap. The temperature dependence of D is BCS-like with
2D/kBTgap < 3.4. Here kB is Boltzmann’s constant.

The gate voltage dependence of D, Tgap and Tc is presented in Fig. 4a, b.
The transition temperature does not follow D and Tgap; D and Tgap

increase with charge carrier depletion over the entire voltage range,
whereas Tc has a dome-shaped dependence. A maximum Tc of 0.27 K
is observed at VG 5 0 V, for VG . 0 V the 2DEL is overdoped and for
VG , 0 V the 2DEL is underdoped. For VG , 2150 V, we did not
observe a superconducting transition in the temperature-dependent
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Figure 1 | Device layout. a, b, Photograph (a) and schematic cross section
(b) of a typical Au–LaAlO3–SrTiO3 tunnel device. The broad gold ring (inner
diameter, 160mm) lies on top of the LaAlO3 layer, which serves as a tunnel
barrier between the 2DEL and the Au. The outer ring and the centre contact of

the device are Au-covered Ti contacts to the 2DEL. c, Cross-sectional high-
angle annular dark-field STEM image of a Au–LaAlO3–SrTiO3 tunnel junction.
The image is taken along the ½1!10" zone axis of the perovskite unit cells. a.u.,
arbitrary units.
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Figure 2 | Large-range tunnel spectra and the superconducting gap.
a, Current-versus-voltage tunnel characteristic, I(V), measured at 4.2 K. The
voltage characterizes the voltage applied to the interface 2DEL; a positive
current is provided by electrons tunnelling from the Au into the 2DEL.
b, Differential conductance, dI/dV(V), measured in the normal-conducting
state (4.2 K). c, Temperature-dependent tunnel spectra in the superconducting
state. The gap closes at 0.28 K. The device area is 0.3 mm2.
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Figure 3 | Dependence of the tunnel spectra on gate voltage. a, Tunnel
spectra as a function of the back-gate voltage, VG (positive voltage corresponds
to carrier accumulation). The device area is 0.5 mm2. b, Temperature
dependence of D for different values of VG. The solid lines are the predictions of
the BCS model. Error bars define the 90% confidence interval.
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Strontium Titanate (STO)
• Wide bandgap insulator, bandgap 

~3eV 

• Doping with Nb, La or oxygen 
vacancies make it conducting 

• Ferroelectric instability - nearly 
developed 

• Has been studied experimentally 
and theoretically for 50 years

Mannhart, Nature 2004

Müller, PRB (1979)



Superconductivity in STO
• First oxide superconductor to 

be discovered 

• Doping-tunable SC dome 

• Inspired the search which 
resulted in high Tc cuprate SC 

• First material discovered to be 
a multiband supeconductor

Koonce et al PR 163 380

Binnig, PRL1980v.d.Marel, PRB 2011
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FIG. 3. (Color online) Band dispersion of the lowest unoccupied
bands of SrTiO3 in the low-temperature tetragonal phase. The
directions in momentum space are labeled according to the high-
temperature cubic Brillouin zone, so that [1,0,0] corresponds to
momentum along the Ti-O bond direction. The rightmost panel
indicates the position of the Fermi energy as a function of carrier
concentration. xc1 = 4.0 × 10−5 and xc2 = 2.6 × 10−3 are critical
carrier concentrations where the Fermi energy enters the second and
the third bands.

δ ∝ D2/ξ 2. While the band disperses upward rather sharply
at the zone center, it is deflected downward at |k⃗| ≈ 0.1/a
for momentum along the Ti-O bond. The second band is a
“light-electron” band, which becomes occupied at the critical
carrier concentration xc1 = 4.0 × 10−5. Its dispersion is to a
good approximation an isotropic parabola, and these bands
have the peculiarity that the gyromagnetic factor gj = 0 due a
compensation of orbital (gl = 1,ml = ±1) and spin magnetic
moment (gs = 2,ms = ±1/2). The third band is also a light-
electron band, which becomes occupied at the critical carrier
concentration xc2 = 2.6 × 10−3 (n = 4.4 × 1019cm−3). An
experimental indication for this critical carrier concentration
comes form the observation by Binnig et al.4 of an additional
superconducting gap of smaller size than the main gap for
doping concentrations in excess of 5 × 1019 cm−3, using
tunneling spectroscopy.

The most significant differences between the results pre-
sented here and Matheiss’ results40 are the much smaller
crystal-field parameter D = 2.2 meV obtained here as com-
pared to D = −33 meV obtained from a tight-binding fit to
Matheiss’ bands, and the fact that the sign is opposite. The
resulting Fermi surface of the lowest band is therefore quite
different; in the present calculation, it is in fact similar to
Fermi surface of the cubic phase shown in Fig. 4 (taking
2% doping), and has six arms extending along [100], [010],
and [001] directions. The arms along the z axis are slightly
longer than those along x and y, but on the scale of Fig. 4
this is not a perceptible difference. In contrast, Mattheiss’s
Fermi surfaces (see Fig. 6 of Ref. 40) have four arms along
[100] and [010] and none along [001]. Gregory et al.41 studied
samples with electron density 6 × 1018 cm−3, corresponding
to x = 3.6 × 10−4. Due to the large crystal-field splitting,

FIG. 4. (Color online) Fermi surface of the high-temperature
cubic phase at 2% doping, showing the large anisotropy of the lowest
band. At the critical doping xc = 0.097, a topological transition takes
place where the Fermi surfaces open up along the three axes.

the Fermi level in Mattheiss’s calculation is then still below
the second band. Yet Gregory et al. observed low-frequency
quantum oscillations with frequencies 40 and 45 T. The
weak field-orientation dependence indicated that these are
associated with rather isotropic Fermi surfaces, which they
associated with the light-electron band. To have this band
occupied, they postulated that Mattheiss’ estimate of the
splitting of the two lowest bands introduced by the tetragonal
distortion needed to be revised downward. Looking now at
our calculation, we notice that, since x = 3.6 × 10−4 > xc1,
the light-electron band is indeed occupied for this doping level.
As shown in Fig. 5, the diameter of the second Fermi surface is
practically independent of direction for this low doping range

FIG. 5. (Color online) Enlarged view of Fig. 3 indicating the po-
sition of the Fermi level for x = 3.6 × 10−4 charge carriers. The cor-
responding value ka = 0.134 is in excellent agreement with the
hitherto unexplained de Haas-van Alphen frequency reported by
Gregory et al.41

205111-4

v.d.Marel, PRB 2011



LAO/STO interface
• Like STO, LaAlO3 (LAO) is also an insulator (band gap 

~ 5eV) 

• But: when interface pure STO and LAO find a metallic 
interface layer
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Superconductivity at the LAO/STO interface

• Metallic layer turns superconducting at 
low T 

• For 3 layers of LAO, STM 
superconducting areas can be 
patterned with STM on nm scale 

• Holds the promise for SC circuits and 
devices

Transmission electron studies (18) were
performed on reference samples grown under
conditions identical to those described above.
Cross-sectional cuts were prepared by me-
chanical polishing followed by low-energy,
low-angle ion milling and investigated by scan-
ning transmission electron microscopy (STEM)
(18). Figure 1A shows a high-angle annular dark
field (HAADF) STEM image of the sharp
interface between a 15-uc-thick LaAlO3 film
and the SrTiO3 substrate. The film is found to be
coherent with the substrate with no obvious
defects or dislocations at the interface, resulting
in biaxial tensile strain of ≅ 3%, as measured
from STEM images (18). The out-of-plane lattice

constant of the LaAlO3 film is ≅ 3.78 Å, which
is close to the bulk value and suggests either a
rather small Poisson ratio as previously reported
(20) or out-of-plane relaxation in the thin film
(21). To obtain an upper limit on the extent of
electronic structure and compositional changes
below the interface, electron energy-loss spec-
troscopy (EELS) in the STEMwas used to probe
the chemistry of the heterostructure at the atomic
scale. Simultaneously recorded O-K and Ti-L2,3
edges close to and far away from the interface are
shown in Fig. 1, B and C. By 1.5 nm away from
the interface, the changes in the O-K edge are
very slight, suggesting an upper limit to the
oxygen vacancy concentration of 3%. At 6 nm

away from the interface, the changes in the O-K
and Ti-L2,3 edges compared with bulk SrTiO3 fall
below the noise level (<1% oxygen vacancy
concentration). The small changes of the Ti-L2,3
edges are consistent with a slight increase in Ti3+,
either from oxygen deficiency (22) or a com-
pensating interface charge (18).

Two samples were analyzed by transport
measurements and found to be conducting (Fig.
2A), their 2-uc-thick control structures being
insulating (resistance R > 30 MW) at all temper-
atures T (32 mK < T < 300 K). At T ≅ 4.2 K, the
Hall carrier densities of the 8-uc and 15-uc sam-
ples equal ≅ 4 × 1013/cm2 and ≅ 1.5 × 1013/cm2,
and the mobilities ≅ 350 cm2/Vs and ≅ 1000
cm2/Vs, respectively. Whether the differences in
the sample properties present an intrinsic effect
that is caused by the variation of the LaAlO3

thickness remains to be explored. The Hall re-
sponse is only weakly temperature dependent
[Hall resistance RH(300 K)/RH(4.2 K) ≅ 0.8 and
0.95 for the 8-uc and 15-uc samples, respective-
ly]. Magnetic fields up to m0H = 8 Twere applied
to the 8-uc-thick sample, revealing a positive
magnetoresistance. The samples investigated
here do not show a hysteretic magnetoresistance.
No minimum is found in the R(T) characteristics
of the 8-uc sample, such as was reported recently
for LaAlO3/SrTiO3 samples fabricated under
different conditions (6). For the 15-uc sample, a
shallow minimum in the R(T) curve was ob-
served at 4 K.

At ≅ 200mK and ≅ 100mK, respectively, the
8-uc and 15-uc samples undergo a transition into
a state for which no resistance could be measured
(Fig. 2A). The widths of the transitions (20% to
80%) of the 8-uc and 15-uc samples are ≅ 16mK
and ≅ 51 mK, respectively. The resistance drops
by more than three orders of magnitude to below
the noise limit of the measurement (18). Ap-
plication of a magnetic field m0 H = 180 mT
perpendicular to the interface completely sup-
presses this zero-resistance state (Fig. 2B). Figure
3A displays the voltage versus current (V-I)
characteristics of a bridge in the 8-uc sample,
measured using a dc technique. At low temper-
atures, the V-I characteristics show a well-defined
critical current Ic. The occurrence of the zero-
resistance state and the characteristic R(T,H) and
V(I,H) dependencies provide clear evidence for
superconductivity.

The Tc(H) dependence, where Tc is defined as
R(Tc) = 0.5 × R(1 K), provides a measure for the
upper critical field Hc2(T). The Hc2(T) curve is
shown in Fig. 2C; Hc2(0 K) ≅ 65 mT and ≅ 30
mT for the 8-uc and 15-uc samples, corre-
sponding to coherence lengths x(0 K) ≅ 70 nm
and ≅ 105 nm, respectively. Figure 3B shows the
temperature dependence of the critical currents
per unit width. The maximal values of Ic are 98
mA/cm and 5.6 mA/cm for the 8-uc and 15-uc
samples, respectively. A steplike structure in the
V(I) curves displayed by the 15-uc sample (not
shown) indicates that the low Ic of this sample is
caused by inhomogeneities. Just below Ic, the

Fig. 1. STEM and EELS
analysis of a LaAlO3/SrTiO3
heterostructure. (A) High-
angle annular dark field
image of a 15-uc-thick
LaAlO3 film grown on SrTiO3
showing a coherent interface.
(B) O-K EELS spectra of the
SrTiO3 close to (1.5 nm) and
far away from the interface.
Even at 1.5 nm from the
interface, the O-K fine struc-
ture is only very slightly
damped compared with the
bulk. The damping could be
caused by the presence of a
low concentration of oxygen
vacancies. (C) Small changes
of the Ti-L2,3 fine structure
close to the interface are
consistent with a small concentration of Ti3+, which falls below the detection limit by 6 nm from the
interface and beyond.

Fig. 2. Transport measurements on LaAlO3/SrTiO3 heterostructures. (A) Dependence of the sheet
resistance on T of the 8-uc and 15-uc samples (measured with a 100-nA bias current). (Inset) Sheet
resistance versus temperature measured between 4 K and 300 K. (B) Sheet resistance of the 8-uc
sample plotted as a function of T for magnetic fields applied perpendicular to the interface. (C)
Temperature dependence of the upper critical field Hc2 of the two samples.

www.sciencemag.org SCIENCE VOL 317 31 AUGUST 2007 1197
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Reyren, Science 2007

Cen, Nat. Mat. 2008



Central question: What is the relation 
between bulk and interface STO?

• Tc is similar (≅300mK), robust to quality variations of 
the sample/interface material 

• As a function of doping/gate voltage a narrow 
superconducting dome appears.

Koonce PR 1967 Caviglia Nature 2008



Is LAO/STO a multiband SC, like STO?
Probes which have tried to 
address this issue 

• Tunnelling spectroscopy  
 
 

• Superfluid density

At temperatures below Tc, the tunnelling current provides direct
information on the superconducting state. Figure 2c shows typical
dI/dV(V) tunnelling characteristics measured below 100mV. The char-
acteristics reveal a clear superconducting gap, D, for which an analysis
using a Dynes fit20 with a single s-wave gap as fitting parameter yields
D(0 K) 5 (40 6 2)meV (Extended Data Fig. 2). The gap and the coher-
ence peaks are well developed and are consistent with a laterally homo-
geneous superconducting state. The gap closes at Tgap 5 0.28 K. A detailed
analysis of the temperature dependence of the spectra is given in Methods.
We note that our observation of the superconducting gap implies that
no conducting layer exists between the superconducting sheet and the
LaAlO3 layers. We did not observe signatures of a second supercon-
ducting gap as reported21 for superconducting Nb-doped SrTiO3.

Having stated these results, we now address the main question of
our study, namely how the superconducting gap relates to the super-
conducting transition temperature in a 2D superconductor tuned by
electrostatic field effect doping. To compare the size of the supercon-
ducting gap directly with the transition temperature, we fabricated

devices with four contacts to the 2DEL as well, enabling measurements
of the 2DEL resistance within the tunnel device (Methods). We found
that positive gate voltages (carrier accumulation) enhance the DOS at
EF and suppress the coherence peaks. Negative gate voltages (carrier
depletion) suppress the DOS at EF and broaden the coherence peaks
(Fig. 3a). Moreover, the coherence peak maxima shift systematically to
higher voltages with decreasing carrier density, indicating an increase
of the superconducting gap. The temperature, Tgap, at which the gap
closes increases with decreasing charge carrier density (Fig. 3b and
Extended Data Fig. 3), approximately following the low-temperature
value of the gap. The temperature dependence of D is BCS-like with
2D/kBTgap < 3.4. Here kB is Boltzmann’s constant.

The gate voltage dependence of D, Tgap and Tc is presented in Fig. 4a, b.
The transition temperature does not follow D and Tgap; D and Tgap

increase with charge carrier depletion over the entire voltage range,
whereas Tc has a dome-shaped dependence. A maximum Tc of 0.27 K
is observed at VG 5 0 V, for VG . 0 V the 2DEL is overdoped and for
VG , 0 V the 2DEL is underdoped. For VG , 2150 V, we did not
observe a superconducting transition in the temperature-dependent
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Figure 1 | Device layout. a, b, Photograph (a) and schematic cross section
(b) of a typical Au–LaAlO3–SrTiO3 tunnel device. The broad gold ring (inner
diameter, 160mm) lies on top of the LaAlO3 layer, which serves as a tunnel
barrier between the 2DEL and the Au. The outer ring and the centre contact of

the device are Au-covered Ti contacts to the 2DEL. c, Cross-sectional high-
angle annular dark-field STEM image of a Au–LaAlO3–SrTiO3 tunnel junction.
The image is taken along the ½1!10" zone axis of the perovskite unit cells. a.u.,
arbitrary units.
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Figure 2 | Large-range tunnel spectra and the superconducting gap.
a, Current-versus-voltage tunnel characteristic, I(V), measured at 4.2 K. The
voltage characterizes the voltage applied to the interface 2DEL; a positive
current is provided by electrons tunnelling from the Au into the 2DEL.
b, Differential conductance, dI/dV(V), measured in the normal-conducting
state (4.2 K). c, Temperature-dependent tunnel spectra in the superconducting
state. The gap closes at 0.28 K. The device area is 0.3 mm2.
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Figure 3 | Dependence of the tunnel spectra on gate voltage. a, Tunnel
spectra as a function of the back-gate voltage, VG (positive voltage corresponds
to carrier accumulation). The device area is 0.5 mm2. b, Temperature
dependence of D for different values of VG. The solid lines are the predictions of
the BCS model. Error bars define the 90% confidence interval.
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FIG. 1. (Color) (a) The critical temperature as a function of
gate voltage forms a dome. The dashed line represents our lowest
measurement temperature. (b) The superfluid density at our lowest
temperature as a function of gate voltage. The superfluid density
increases monotonically throughout the dome. The color scale
represents gate voltage and is repeated in Fig. 2.

by the Pearl length ! = 2λ2/d.21 Using a model by Kogan,22

we extract ! from measurements of the screening currents as a
function of the distance between the sensor and the sample. !
is related to the superfluid density, ns = 2m∗/µ0e

2!, where e
is the elementary charge, µ0 the permeability of free space, and
m∗ = 1.46me the effective electron mass measured by Ref. 23
from Shubnikov–de Haas on LAO/STO interfaces. We repeat
these measurements at multiple temperatures and gate voltages
to map out the superconducting state (Fig. 1). We define
Tc as the temperature at which the diamagnetic screening
drops below our noise level of 0.01#0/A, corresponding to
a minimum detectable ns of 4–14 × 1010 cm−2. The statistical
errors were smaller than the systematic errors, outlined in gray
in Fig. 2(a), from imprecise knowledge of our measurement
geometry.22,24 The systematic errors are fixed for a single
cooldown and represent an overall scaling of ns which would
be the same for every measurement.

Tc vs Vg [Fig. 1(a)] has a maximum Tc = 240 mK.
In the range of applied Vg superconductivity can only be
eliminated on the underdoped side of the dome, and ns grows
monotonically with Vg , with ns = 3.0 × 1012 cm−2 at the
largest Vg [Fig. 1(b)]. The carrier density and mobility were
measured in a separate cooldown with no back gate. At 2 K
the mobility was 1.02 × 103 cm2/V s and the density was
2.05 × 1013 cm−2, ten times larger than the largest ns we
observed.

A small ratio of the superfluid density to the normal density
is expected in the dirty limit, in which the elastic scattering
time τ is much shorter than the superconducting gap %0
(h̄/τ ≫ %0). h̄ is the reduced Plank’s constant. Above Tc the
normal density of electrons n is given by the optical sum rule
n ∝

∫ ∞
0 σ1(ω)dω, where σ1 is the real part of the conductivity

and ω the frequency. For a metal σ is sharply peaked near
zero frequency, so scattering moves the spectral weight to
higher frequencies. Below Tc, a gap opens at ω = 2%0/h̄
and the spectral weight within that gap collapses to a delta
function at the origin whose amplitude is proportional to ns .25

Therefore, in the dirty limit, only a fraction of carriers enter
the superconducting state, ns/n = 2%0/(h̄/τ ). Using the gate
tuned mobilities reported by Bell et al., 100–1000 cm2/V s,8

Temperature (K)

n s(T
) (

10
12

 c
m

−2
) Vg = 110 V 

0 0.1 0.2
0

1

2

3

0 0.1 0.2
Temperature (K)

0 0.5 1
0

0.5

1

T/Tc

n s(T
)/n

s(T
=4

0 
m

K)

 

 

weak clean BCS

110 V 

450 V 

-40 V 

)b()a(

(c)

FIG. 2. (Color) (a) Superfluid density vs temperature for Vg =
110 V, the peak of the superconducting dome. The gray area shows a
systematic error. (b) Superfluid density vs temperature for every gate
voltage. The colors represent the same Vg from Fig. 1. (c) Normalized
curves from (b). The gray line shows the temperature dependence of
a weakly interacting clean BCS s-wave superconductor (% = 1.76
and a = 1). The black dashed line is a fit to the data (% = 2.2 and
a = 1.4).

we expect the ratio ns/n to be 0.01–0.1, consistent with our
measured ns .

We now look at the temperature dependence of the
superfluid density. Figure 2(b) plots ns vs T for all Vg across the
dome. Strikingly, when normalizing the curves they collapse
[see Fig. 2(c)], showing that within our experimental errors
there is no change in the superconducting gap structure with
electrostatic doping. Furthermore, the collapse is reproducible
over multiple positions, sweeps of Vg , and samples.26

The temperature dependence of the superfluid density is a
direct probe of the superconducting order parameter. It can
be used to distinguish BCS superconductors from unconven-
tional superconductivity. We fit the normalized curves to a
phenomenological BCS model with two parameters % and a.28

% scales the superconducting gap %0 = %kBTc. a is a shape
parameter that determines how rapidly the gap opens below
Tc, ns ∝ 1 − (T/T c)2a ,27–29 % = 1.76 and a = 1 for a clean
s-wave BCS superconductor with weak coupling,28 plotted as
the gray line in Fig. 2(c). The fit to our data gives % = 2.2
and a = 1.4. This is consistent with a BCS description with
increased coupling or disorder. Both will theoretically increase
the gap and the a parameter,30 shifting the curve up and to the
right.

The flattening at low temperature indicates a fully gapped
behavior with a gap that is larger than BCS weak-coupling s
wave. Our lowest measurement temperature is 1/6 of T max

c ,
and ns remains flat (within 3%) up to 35% of Tc. A full gap
indicates the absence of low energy quasiparticle excitations,
ruling out order parameters with nodes in the Fermi surface.
Furthermore, the steep rise of ns near Tc and the absence of
a kink in the functional form rule out most weak-coupling
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Is LAO/STO a multiband SC, like STO?

Other potential probes 

• Heat transport  

• Heat capacity 

• impractical for interface

FIG. 4: a) The field dependence of thermal conductivity at
di↵erent temperatures reveals a shoulder at a field, H⇤, below
H

c2. This is more clearly see in the upper inset. The lower
inset compares the field-dependence of thermal conductivity
in Nb-doped SrTiO3, a multi-gap (NbSe2) and two single-gap
(Nb and V3Si)superconductors [See ref.[8, 21]. b) The two
field scales extracted from (H) compared to H

c2(⇢), the mag-
netic field at which resistivity vanishes. In the region filled
with horizontal lines resistivity vanishes, but bulk electrons
are still normal.

superconductors, this is the case of Nb-doped SrTiO3.
Thermal conductivity becomes independent of mag-

netic field above a threshold magnetic field, which is 0.08
T at 0.097 K (See the upper inset of Fig. 4a). This field
is the bulk upper critical field, Hbulk

c2 . Below a second
field scale, H⇤, lower than Hbulk

c2 , thermal conductivity
shows a steeper field dependence. This second field scale
points to the existence of an additional superconducting
coherence length set by a second superconducting gap.
We did not detect a third scale of magnetic filed in this

three-band system. In this respect, our results are sim-
ilar to those reported by Binnig et al.[3], who detected
two [and not three] distinct superconducting gaps. Two
possibilities come to mind. Either two of the bands have
gaps of almost identical magnitudes, or the one associ-
ated with the third band (and the corresponding field
scale) are too small to be easily detectable. The initial
rise of thermal conductivity by a small magnetic field,
much lower than H⇤ is either due to the existence of a
third field scale much smaller than the other two, or a
strong anisotropy of one of the two detected gaps.

As seen in Fig. 4b, the bulk upper critical field is
significantly lower than the resistive upper critical field.
The result is confirmed by specific heat data in presence
of magnetic field (see the supplement). This brings us
back to the shift observed at zero magnetic field between
bulk transition temperature and vanishing resistivity. In
a portion of the (B,T) plane, bulk electrons are still nor-
mal, but the system shows zero resistivity. This calls for
an explanation. Invoking sample inhomogeneity does not
provide an answer. In a wide doping range, the critical
temperature does not show a strong dependence on dop-
ing. Moreover, the observation of quantum oscillations
with a well-defined frequency corresponding to the den-
sity of bulk carriers estimated from Hall e↵ect puts an
upper limit to any macroscopic inhomogeneity.

One place for superconductivity to survive when bulk
electrons are normal are boundaries between tetragonal
domains. If the critical temperature happens to be higher
in these twin boundaries than in the bulk, one can ob-
serve a vanishing resistivity at a temperature well above
the bulk critical temperature. Recent near-field studies
on the STO interfaces have detected enhanced electrical
conductivity along twin boundaries [33, 34], providing
plausibility to this speculation.

In summary, we find that optimally-doped SrTiO3:Nb
is a multi-gap superconductor and none of its gaps has
nodes. These are new pieces in this puzzle of excep-
tionally dilute superconductivity, for which several exotic
pairing mechanisms (such as a phonon soft mode [35],
plasmons[36] or ferroelectric quantum criticality[37])
have been proposed. In contrast to all other known cases
of multi-band superconductivity, one can here tune the
Fermi surface (in sheer size as well as the number of its
components) across several orders of doping concentra-
tion. This provides new experimental opportunities and
stronger constraints for theory.

This work is supported by Agence Nationale de la
Recherche as a part of QUANTHERM and SUPER-
FIELD projects.
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Suggest looking at the upper 
critical field Hc2 as a probe for 
multiband superconductivity 

in LAO/STO



Hc2 as a probe for multiband 
SC in LAO/STO and STO

Hc2 is one of the few probes applicable both to the bulk 
and interface system 

• Calculate expected Hc2 behaviour for both bulk and 
interface 

• Show characteristic multiband behaviour 

• Allows direct comparison of bulk and interface system



Disordered bulk STO: quasiclassical Usadel equations

• Solve linearised Usadel equations with a B-field H k ˆ~z.
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Results for Hc2
JME & Balatsky, arXiv:1401.5318 

Solve for two sets of parameters:
⌘ = D2/D1

Parameters: Fernandes, PRB 2013 Parameters: Bussmann-Holder, Ferroelectrics 2010

�11 = 0.14,�22 = 0.13,�12 = 0.02 �11 = 0.3,�22 = 0.1,�12 = 0.015



Interface system
Thin superconducting layer 

• retain ∇z term in the Usadel equation 

• Incorporate the effects of Rashba spin-orbit coupling



Finite thickness
• need to retain ∇z term in 

  

• At the boundary to the vacuum, Δ =0 

• An an interface between a SC and a metal 

• thickness: d~12 nm 

•   

• Incur an extra energy  
cost: effectively H  
increases

d�
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Spin-orbit coupling (SOC) at the interface
• Due to inversion symmetry breaking get strong 

Rashba SOC 

• Leads to a modification of the momentum operator, 
anomalous Green’s function f becomes a matrix  
 

• singlet and triplet components  
of f get coupled 

• Concentrate on dominant  
singlet component 

• singlet f gets energy penalty
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LAO/STO results

Comparison: 
bulk STO 
results

�11 = 0.14,�22 = 0.13,�12 = 0.02

fp=0.2



Conditions under which Hc2 is a useful probe

�11 = 0.14

�12 = 0.02
�11 = 0.14

�22 = 0.14

⌘ =
D2

D1
= 0.1

Hc2 is useful when 

•   �11 ⇡ �22

�12 ⌧ �11



Hc2 and superfluid density are complementary 
probes

• Superfluid density useful when: �11 � �22

• Upper critical field Hc2 useful when:  
measure onset of SC

�11 ⇡ �22

following Kogan, PRB 2009



Summary
• Multiband superconductivity: Two or 

more gaps open 

• Various techniques for detecting MBSC 

• LAO/STO interface: metallic layer  

• Upper critical field Hc2: Probe for 
multiband superconductivity - applicable 
to bulk and interface 

• SF density and Hc2 are complimentary 
probes
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• Upper critical field Hc2: Probe for 
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to bulk and interface 
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Thank you!


